Insulinomas are functional pancreatic neuroendocrine tumors that cause hypoglycemia and severe morbidity. The aim of our study was to identify gene mutations responsible for tumorigenesis of sporadic insulinoma. Whole exome sequencing analysis was performed on tumors and paired peripheral blood from three patients with insulinomas. After initial analysis, somatic mutations were obtained and a deleterious protein product was further predicted by various bioinformatic programs. Whole exome sequencing identified 55 rare somatic mutations among three insulinoma patients, including MEN1 gene nonsense mutations (c. 681C>G; p.Tyr227* in exon 4 of MEN1 and c. 346G>T; p.Glu116* in exon 2 of MEN1) in two different tumor samples. The mutations resulted in a significant truncation of the protein and a non-functional gene product, which was involved in defective binding of menin to proteins implicated in genetic and epigenetic mechanisms. Our results extend the growing list of pathogenic MEN1 mutations in sporadic cases of insulinoma. Insulinoma is a rare and sporadically occurring neuroendocrine tumor that secretes an excess of insulin, resulting in symptoms of hypoglycemia in patients [1] . Additionally, the catecholamines released from insulinoma produce several symptoms including sweating, nausea, weakness, anxiety and palpitation [2] . Insulinoma is usually a benign neoplasm that is smaller than 2 cm in diameter, without signs of angiogenesis or metastases, and is easily curable by surgical resection [2] . However, an understanding of the mechanism of the pathology of insulinoma is still needed. The small number of disease cases and lack of suitable animal models and cell strains have limited the study of the pathogenesis of insulinoma. The risk factors and related molecular mechanisms of insulinoma remain unclear.
Insulinomas are functional pancreatic neuroendocrine tumors that cause hypoglycemia and severe morbidity. The aim of our study was to identify gene mutations responsible for tumorigenesis of sporadic insulinoma. Whole exome sequencing analysis was performed on tumors and paired peripheral blood from three patients with insulinomas. After initial analysis, somatic mutations were obtained and a deleterious protein product was further predicted by various bioinformatic programs. Whole exome sequencing identified 55 rare somatic mutations among three insulinoma patients, including MEN1 gene nonsense mutations (c. 681C>G; p.Tyr227* in exon 4 of MEN1 and c. 346G>T; p.Glu116* in exon 2 of MEN1) in two different tumor samples. The mutations resulted in a significant truncation of the protein and a non-functional gene product, which was involved in defective binding of menin to proteins implicated in genetic and epigenetic mechanisms. Our results extend the growing list of pathogenic MEN1 mutations in sporadic cases of insulinoma. Insulinoma is a rare and sporadically occurring neuroendocrine tumor that secretes an excess of insulin, resulting in symptoms of hypoglycemia in patients [1] . Additionally, the catecholamines released from insulinoma produce several symptoms including sweating, nausea, weakness, anxiety and palpitation [2] . Insulinoma is usually a benign neoplasm that is smaller than 2 cm in diameter, without signs of angiogenesis or metastases, and is easily curable by surgical resection [2] . However, an understanding of the mechanism of the pathology of insulinoma is still needed. The small number of disease cases and lack of suitable animal models and cell strains have limited the study of the pathogenesis of insulinoma. The risk factors and related molecular mechanisms of insulinoma remain unclear.
Exome sequencing, which allows study of the complete protein-coding regions in the genome, is valuable in searching for underlying genetic variation in disease. Moreover, extensive exome sequencing studies from human tumors have indicated that there are a large number of mutations in each tumor [3] . Accumulating evidence suggests that genetic change is specific for insulinomas, such as high loss of heterozygosity rates on chromosome 22q and gain of 9q34 [4, 5] . Additionally, exome sequencing has revealed that there was a somatic mutation in the DNA-binding zinc finger of the transcription factor Yin Yang 1 in insulinoma [6] [7] [8] .
In order to further screen for potential genetic alterations in insulinoma, we selected the tumor tissue and matched blood of patients with insulinoma and performed exome sequencing and analysis of deleterious effects on the protein. In this study, we obtained a total of 55 gene mutations in insulinoma. Among them, mutations in MEN1 were most related to the pathology of insulinoma, which provides evidence for use in early disease screening and target treatment of insulinoma.
Materials and methods

Insulinoma patient samples
In our present study, three patients (INS1, INS2 and INS3) with primary insulinoma were enrolled from the Second Hospital of Hebei Medical University. The paired tumor and a peripheral blood sample for DNA extraction were collected from the patients after surgical removal. The insulinoma was diagnosed depending on current clinical guidelines and histopathological confirmation [9] . The diagnosis was established using the following six tight criteria: (a) documented blood glucose levels ≤ 2.2 mmolÁL Table 1 .
Exome sequencing and data analysis
Genomic DNA was isolated from blood and tissue and was controlled for quality by measuring its concentration using a Nanodrop 2000 (Illumina, San Diego, CA, USA) and measuring fragmentation by agarose gel electrophoresis. Qualified Genomic DNA was prepared for exome sequencing with an Agilent SureSelect Human All Exon 50 Mb Exon Kit (Agilent Technologies, Santa Clara, CA, USA). The genomic DNA of each sample was fragmented and captured for exome sequencing with the Illumina HiSeq 2500 Sequencer platform (Illumina). For each sample, sequencing reads with 125-bp paired-end and Q 30 > 92% were generated. After filtering the low quality and contaminating reads, sequence reads were mapped to the human genome sequence (hg19) using the Burrows-Wheeler alignment tool (http://bio-bwa.sourceforge.net/), which generated the sequence alignment/map file. The PCR duplicate reads were further removed using the PICARD software program.
Single nucleotide variant detection and annotation
To obtain the important candidate genes, the MUTECT software [10] was used to detect single nucleotide variants (SNVs). Variants were filtered for minimum genotype quality of 50 and minimum coverage depths of 10. Then, the software ANNOVAR (http://www.openbioinformatics.org/ annovar/) was applied to annotate the qualified variants. Finally, the variants were obtained and the deleteriousness of variants was subsequently predicted by various bioinformatics programs (e.g. SIFT, POLYPHEN2, LRT, MUTATION-TASTER, MUTATIONASSESSOR, FATHMM, RADIALSVM, LR).
Results
General characteristics of the patients
We studied three patients with insulinoma, two female and one male. None had a family history of insulinoma. Moreover, we also excluded multiple endocrine neoplasia type 1 (MEN-1 syndrome) from non-tumor tissue. The WHO grading classification of pancreatic neuroendocrine tumors updated in 2010 includes neuroendocrine tumor G1, neuroendocrine tumor G2, neuroendocrine carcinoma G3 and mixed adenoneuroendocrine carcinoma [11] . Depending on the classification system [12] , two patients (INS1 and INS3) were classified as Grade II and one was classified as Grade I in this study. All presented with signs and symptoms of hypoglycemia. The hypoglycemia was corrected in all cases after surgical removal. General pathological and demographic characteristics for the three patients are shown in Table 1 .
Genetic analysis
Genomic DNA from insulinomas and matched blood samples was subjected to whole exome sequencing. After mapping of the human genome sequence (hg19), a total of > 86% of the exome region was covered 
Mutation of MEN1 gene
The p.Tyr227* mutation (SWLYLKGSYMRCDRK MEV) and p.Glu116* mutation (VSSRELVKKVSD VIWNSL) both resulted in a significant truncation of menin, which may destroy the functional domain and affect its function. Amino acids of p.Tyr227* and p.Glu116* mutations are highly conserved across multiple species (Fig. 1A,B) . Moreover, two nonsense mutations locate in the functional domain of MEN1, indicating that it may affect the binding of lysine methyltransferase 2A (Fig. 1C ). In the current study, the nonsense mutations happened early in the sequence of MEN1, which may obviously result in a non-functional gene product (Fig. 1D ).
Discussion
Insulinoma is a common neuroendocrine tumor with an incidence of four in every 1 million persons annually [13] . Moreover, most of the insulinomas arise sporadically. Although rare, it has the potential to produce profound metabolic derangements that require early recognition and treatment. In this study, exome sequencing was performed on three sporadic insulinoma cases to delineate genetic contributors to this rare endocrine tumor. Although the overall frequency of somatic mutations was low and predicted to be damaging, there were two nonsense variants that occurred in MEN1 in two of the three patients, namely a c. 681C>G; p.Tyr227* mutation in exon 4 of MEN1 and a c. 346G>T; p.Glu116* mutation in exon 2 of MEN1. Our result showed that the mutations in MEN1 may play an important role in the development of insulinoma. However, further functional research is needed to validate their roles. MEN1 consists of 10 exons [9] and encodes a protein with 615 amino acids [14] ; it is considered a putative tumor suppressor gene associated with neuroendocrine tumors [15] . Menin, the encoded protein of MEN1, is a typical GTPase stimulated by nm23. It is mostly found in the nucleus and can regulate gene expression in a positive or negative way, and it has been demonstrated to interact with transcription activators, transcription repressors, cell signaling proteins and various other proteins. In addition, it plays major roles in DNA repair, cell cycle regulation and chromatin remodeling. Generally, menin is considered as a transcriptional regulator and interacts with a number of nuclear and cytosolic proteins, which indicates that it may participate in various biological pathways of tumor formation [16] [17] [18] . Additionally, a number of sporadic endocrine tumors, including parathyroid adenomas, pancreatic insulinomas and pituitary prolactinomas, have somatic mutations of MEN1 alleles, suggesting that MEN1 may play a role in non-hereditary endocrine tumors [15, 19, 20] . Our results showed that MEN1 mutations were found in two of the three insulinoma patients, which provided further evidence that MEN1 might be an important factor in the pathological process of insulinoma.
It is noted that insulinomas can occur sporadically or in combination with MEN-1 syndrome. Moreover, the MEN1 gene is the first gene that has been identified as a candidate gene in the tumorigenesis of insulinoma. MEN-1 syndrome represents an autosomal dominant disorder related to mutations in the MEN1 gene mapped to chromosome 11q13 [21, 22] . Generally, simple and local tumor enucleation of MEN-1 syndrome-associated insulinomas is not likely to be curative. Although genetic testing for MEN1 fails to detect mutation rate of 10-25%, it plays a vital role in identifying patients with hereditary insulinomas [23, 24] . Therefore, genetic testing for MEN-1 syndrome is beneficial to clinical diagnosis. Okamoto et al. [25] suggested that a novel six-nucleotide insertion in exon 4 of the MEN1 gene might contribute to the familial insulinoma. A prior study indicated that MEN1 gene mutations were lacking in 27 sporadic insulinomas [26] . By evaluating a large family with malignant insulinoma and hyperparathyroidism, Hasani-Ranjbar et al. [27] found a novel MEN1 gene frameshift germline mutation, which was associated with malignant insulinoma. Moreover, a recent study found several novel pathogenic MEN1 mutations in sporadic cases of insulinoma [28] . Herein, we found mutations in MEN1 on chromosome 11 in patients with insulinoma, which had a damaging role in the function of the encoded protein.
Our finding was consistent with other studies indicating the role of MEN1 mutation in human sporadic insulinomas [26, [29] [30] [31] [32] , which provided a crucial clue in the treatment of insulinoma. Interestingly, Waldmann et al. [33] found the p.E116X mutation in exon 2 of the MEN1 gene in 21 patients with MEN-1 syndrome and adrenal lesions. In addition, Turner et al. [34] identified the p.Y227X mutation in exon 4 of the MEN1 gene in multiple endocrine neoplasia type 1. This further suggested that MEN1 was significantly associated with insulinoma.
Conclusions
In the current study, exome sequencing for three sporadic insulinomas identified two somatic nonsense mutations in MEN1 (c. 681C>G; p.Tyr227* and c. 346G>T; p.Glu116*), which might induce a non-functional gene product and contribute to the oncogenesis of sporadic insulinoma. However, there were some limitations in this study. The samples selected were small and larger samples are further needed to validate their roles in insulinoma. Further studies are needed to precisely explore the role of genetic mutations of MEN1 in clinical manifestations of these patients. In addition, validation of MEN1 mutations (such as by Sanger sequencing) and study of the underlying biological function of the MEN1 mutations is needed in a further study.
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